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Peroxyacyl nitrates (PANs, RC(O)OONO2) are of great importance in atmospheric
chemistry. They act as transporters of reactive nitrogen, and radical delivery agents. There are
no known natural emission sources of PANs; they are produced through reaction of volatile
organic compounds (VOCs) and nitrogen oxides (NOx) in the atmosphere.
VOCs can enter the atmosphere through biogenic and anthropogenic pathways. It has
been estimated that isoprene makes up 70% of the biogenic VOCs (BVOCs) emitted annually.
Isoprene has been shown to impact ozone levels in both rural and urban areas by sequestering
and transporting NOx in the form of isoprene nitrates and PANs. In addition, isoprene
photooxidation leads to the production of a significant amount of SOA.
Dozens of experiments performed in nonreactive “smog” chambers containing high
levels of isoprene and NOx have consistently produced a PAN-like compound that is absent
from the literature of isoprene chemistry. Evidence for the identification of this compound was
compiled including thermal decomposition rate, and GC-ECD retention time comparison of the
PAN-like compound with APAN standards. Mass spectra of APAN standards were compared to a
mass spectrum obtained from isoprene oxidation and found to be identical confirming that the
PAN-like compound produced from isoprene oxidation was APAN.
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CHAPTER I
INTRODUCTION
1.1. Peroxycarboxylic Nitric anhydrides Sources and Behavior
Of great importance in atmospheric chemistry is a family of compounds referred to as
peroxycarboxylic nitric anhydrides (RC(O)OONO2) or PANs [Grosjean, 1994]. In 1960 the first
and most abundant peroxycarboxylic nitric anhydride, peroxyacetic nitric anhydride (PAN,
R=CH3), was discovered in urban photochemical smog [Stephens, 1969]. Since then there have
been a number of PAN-type compounds, shown in Figure 1-1, observed in ambient air including
peroxypropionic nitric anhydride (PPN, R=C2H5), peroxyisobutyric nitric anhydride (PiBN,
R=CH((CH3)2), peroxymethacrylic nitric anhydride MPAN (R=C(CH3)CH2), peroxybenzoyl nitric
anhydride (PBzN, R=Ph), peroxyacrylic nitric anhydride (APAN), and peroxy-n-butyric nitric
anhydride (PnBN, R=C3H7) [Tanimoto and Akimoto, 2001]. There are no known emission sources
of PANs; they are produced through the atmospheric reactions of NOx and hydrocarbons
[Stephens, 1969].
PANs are significant participants in tropospheric chemistry. They act as transporters of
reactive nitrogen, radical delivery agents, and can travel great distances under the right
conditions. The stability of PANs are very dependent on temperature allowing them to remain
stable for more than a year at temperatures at or below 215 K while readily decomposing in
less than an hour at room temperature. Therefore, when PANs are transported to or produced
in areas with lower temperatures, they act as storage units for NOx. For example, Malley et al
[2016] recorded an increased mixing ratio of PAN at Auchencorth, a rural site in Southeast
Scotland in spring of 2014 as a result of air masses arriving at that site after spending a
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substantial amount of time over the UK, continental Europe or Scandinavia. This was attributed
both to the presence of PAN in air masses traveling from higher latitudes (lower temperatures)
as well as air masses containing PAN traveling from higher latitudes over areas of PAN
precursor emission sources. When PAN is carried to areas with higher temperature, however,
thermal decomposition takes place resulting in a peroxyacetyl radical and NO 2 (Figure 1-2). If
the concentration of NO is high enough, the reaction with the organic radical is terminated, if
not, the radical is free to reform PAN or react with other compounds [Finlayson-Pitts, Pitts,
2000].

Figure 1-1: Structures of PANs.

Figure 1-2: Thermal decomposition of PAN where NO is not present.
PANs have also been shown to play a role in gas-phase to particle phase aerosol
formation. Surratt et al [2010] demonstrated that photooxidation of MPAN lead to a significant
aerosol formation and characterized 2-methylglyceric acid (2-MG) and its corresponding low-
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volatility oligoesters as products of this photooxidation reaction. Each of these products, 2-MG
and the oligoester, has been recorded in ambient aerosol samples.
In addition to their atmospheric roles, PAN type compounds also play numerous roles in
the urban environment. PANs have been shown to be mutagenic in some bacterial assays, act
as a phytotoxin to plants, and are eye irritants (lachrymators). As a result of the wide array of
effects on multiple systems, chemical and biological, PANs formation and their resulting
reactions have been a subject of great interest [Finlayson-Pitts, Pitts, 2000].
PAN and PAN-type compounds are produced through reaction of volatile organic
compounds (VOCs) and nitrogen oxides (NOx) in the atmosphere. Formation of PAN from
acetaldehyde is shown in Figure 1-3. An OH radical abstracts the aldehydic proton and produces
H2O and an acetyl radical. The radical then reacts with O2 producing a peroxyacetyl radical
which then reacts with NO2 to produce PAN.
Among the VOCs present in the atmosphere are alkanes, alkenes, alkynes, aromatics,
oxygenated compounds, and terpenes [https://www.ipcc.ch/ipccreports/tar/wg1/140.htm;
Sindelarova et al, 2014]. There are many processes, both biogenic and anthropogenic, through
which VOCs can enter the atmosphere. Biogenic pathways are not limited to but include
growth, metabolic waste, and decay of plants and animals. VOCs can also be produced
biogenically as hormones or through signaling or protection mechanisms [Goldstein and
Galbally, 2007]. Anthropogenic sources include but are not limited to biomass burning and the
combustion of fossil-fuels such as gasoline and coal [Goldstein and Galbally, 2007].

Figure 1-3: Reaction of acetaldehyde with OH to yield PAN.
3

Loss of PAN-type compounds from the atmosphere takes place through a number of
processes that include thermal decomposition, OH radical reaction, UV photolysis, and reaction
with ozone [Roberts and Bertman, 1992; Talukdar et al, 1995; Grosjean, Grosjean, and Williams,
1993]. Different loss processes can dominate under various conditions. Under typical
tropospheric conditions thermal decomposition has the greatest impact on loss of saturated
PAN-type compounds [Finlayson-Pitts, Pitts, 2000]. However, this is not necessarily the case for
unsaturated compounds.
The rate constants for the thermal decomposition of at least eight PAN-type compounds
have been measured and shown to be very similar regardless of the R-group [Grosjean,
Grosjean, Williams, 1994; Finlayson-Pitts, Pitts, 2000]. Because thermal instability is unusual in
the atmosphere this property can be exploited as a testing parameter to assess the possibility
that an unknown compound discovered in a smog chamber could be a PAN-type compound. It
also demonstrates that, while the unsaturated compounds are more susceptible to OH reaction
and ozonolysis than their saturated counterparts, they too are capable of transporting reactive
nitrogen over long distances at lower temperatures.
1.2. Isoprene Chemistry
Isoprene (2-methyl-1,3-butadiene) is the most abundant biogenic volatile organic
compound (BVOC) making up an estimated 70% of the average annual total BVOC emission
[Sindelarova et al, 2014]. Produced and emitted by a number of deciduous trees, it has a short
life span (~1-2 hours). Isoprene is very important for shaping tropospheric oxidative chemistry.
The concentration of ozone both at rural and urban locations is affected by the transport and
storage of NOx in the form of isoprene nitrates and a number of PANs produced from isoprene

4

oxidation. Additionally, smog chamber and field studies have reported photooxidation products
from isoprene are prevalent in aerosols [Paulot et al, 2009; Surratt et al, 2010].
Isoprene is believed to form in plant leaves and is related to photosynthesis.
Insignificant amounts are stored in the leaves suggesting that it is emitted as quickly as it is
formed. The emission of isoprene is one process by which the plant can get rid of fixed carbon.
The rate of isoprene emission is dependent upon temperature and light intensity. As light
intensity increases, the emission rate of isoprene increases. However, once the light intensity
reaches ~1000 mol m-2 s-1 of photosynthetically active radiation isoprene emission stops
increasing and becomes steady. The emission rate also increases with temperature until ~40 °C
when the biosynthetic enzymes break down and the emission rate plummets [Atkinson and
Arey, 1998].
Isoprene is a known precursor to the PAN-type compounds PAN, HPAN (peroxy
hydroxyacetyl nitrate, R=CH2OH), and MPAN [Carter and Atkinson, 1996; Bertman and Roberts,
1991]. PAN is produced from methyl vinyl ketone (MVK) (Figure 1-4) and methacrolein (MACR)
two of the primary isoprene oxidation products [Carter and Atkinson, 1996], while MPAN is
produced solely from MACR (Figure 1-5) [Bertman and Roberts, 1991]. HPAN is a product of
glycolaldehyde which is one of the products of oxidation of MVK. Formation of MPAN and
HPAN is analogous to that of PAN from acetaldehyde where OH initiated aldehydic proton
abstraction from MACR produces MPAN and from glycolaldehyde produces HPAN.
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Figure 1-4: Production of PAN from isoprene with the reactive intermediate methyl
vinyl ketone (MVK) indicated.

Figure 1-5: Production of MPAN from isoprene with the reactive intermediate
methacrolein (MACR) indicated.
1.3. Peroxyacrylic Nitric Anhydride
Prior to being observed in the atmosphere peroxyacrylic nitric anhydride, APAN
(R=CH2CH), was known to be an oxidation product of acrolein. Analogous to the way that PAN is
produced from acetaldehyde (Figure 1-3) APAN is produced when the aldehydic proton in
acrolein is abstracted by an OH radical producing the acryloyl radical. The acryloyl radical then
reacts with O2 followed by NO2 and yields APAN (Figure 1-6) [Grosjean, Williams, and Grosjean,
1994]. Acrolein can be produced through the atmospheric oxidation of 1,3-butadiene (Figure 17), one of the most abundantly emitted alkenes in industrial and urban areas [Grosjean,
Williams and Grosjean, 1994], which is emitted through the use of petrochemicals, the breaking
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of bonds in substituted aromatic compounds such as xylenes, tobacco smoke, biomass burning,
and forest fires [Tanimoto and Akimoto, 2001; Jaoui et al. 2014]. So, APAN formation can result
from aromatic compounds, acrolein, or 1,3-butadiene, all common components of
anthropogenic sources in the urban atmosphere [Tanimoto and Akimoto, 2001].

Figure 1-6: Production of APAN from acrolein.

Figure 1-7: Production of acrolein from 1,3-butadiene.
APAN, originally called vinyl-PAN, has been studied in the lab and in the field. The
thermal decomposition rate at ambient temperature and 1 atm was determined and compared
to PAN and PPN and found to be the same as PAN and to differ from PPN by 0.4 x 10 -4 s-1
[Grosjean, Grosjean, and Williams, 1994]. As previously mentioned, it has been shown to be a
product of acrolein and 1,3-butadiene oxidation in smog chambers [Grosjean, Williams, and
Grosjean, 1994; Magneron et al., 2002; Orlando and Tyndall, 2002; Zheng et al., 2011; Jaoui et
al. 2014]. Orlando and Tyndall [2002] were even able to obtain an FTIR (fourier transform
infrared spectroscopy) spectrum of APAN. Ab initio and DFT studies were performed to analyze
the conformations and molecular structures of APAN and both the CH2=CHC(O)OO and
CH2=CHC(O)O radicals resulting from its decomposition [Badenes and Cobos, 2007]. Several
studies on different ways to characterize and quantify PANs in the field have included APAN.
The studies utilized gas chromatography-electron capture detection (GC-ECD) [Flocke et al.,
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2005], thermal decomposition chemical ionization mass spectrometry (TD-CIMS) [Zheng et al.,
2011, FTIR [Monedero et al., 2008], and thermal dissociation cavity ring-down spectroscopy
(TD-CRDS) [Tokarek et al., 2014], although challenges with the latter technique made it
ineffective.
Jaoui et al. [2014] produced secondary organic aerosol (SOA) in a smog chamber by
irradiating 1,3-butadiene in the presence of NOx and then measured the products of the
photooxidation reaction. Acrolein and APAN were both reported in the gas phase while glyceric
acid was reported in the gas and particle phase. The mechanism for glyceric acid produced from
APAN is shown in Figure 1-8. The reaction of the OH radical with APAN would produce acrylic
acid epoxide which would react further to produce particle phase glyceric acid and the
corresponding oligomers. The mechanism proposed by Jaoui is based on similar work done with
MPAN and isoprene [Surrat et al. 2010; Lin et al., 2013; Birdsall et al., 2014]. This suggests that
APAN, similar to MPAN, is extremely likely to play a role in SOA formation.

Figure 1-8: Formation of glyceric acid from APAN.
APAN was first reported in the atmosphere by Tanimoto and Akimoto in urban Tokyo
and Rishiri Island in Northern Japan in 2001. As Rishiri Island is remote, the fact that APAN was
detected not only in an urban environment where pollution is known to be present but also at
Rishiri Island indicates that APAN is present throughout the global atmosphere especially since
continued measurement of O3 and CO over a 3 year period suggests that the island atmosphere
is not polluted. Over a two year period APAN was observed at Rishiri Island in the marine
8

boundary layer 96 out of 237 days of monitoring. Typically the mixing ratio of APAN was <10
pptv which is <1% that of PAN. However, during fall the mixing ratio increased as much as
several tens of pptv in some instances, ~4% that of PAN [Tanimoto and Akimoto, 2001].
The identity of an unknown and relatively abundant PAN-type compound observed in
Houston, Texas during the Texas Air Quality Study in 2000 (TexAQS 2000) was shown to have
been APAN. Laboratory synthesis, thermal decomposition, and GC retention time were tested
and found to match that of the unidentified PAN-type compound. Measurements were taken at
the La Porte Municipal Airport in La Porte Texas, near Houston, on the ground as well as aboard
the NCAR Electra aircraft during August and September and showed a high mixing ratio for
APAN. Based on the response of the system to PAN and PPN, Roberts and his group estimated
that the concentration of APAN was, at times, as high as 502 pptv which amounts to 30% that
of PAN. This high level of APAN was attributed to the presence of 1,3-butadiene and acrolein
emitted by nearby petrochemical facilities [Roberts et al, 2001].
Loss of APAN in the atmosphere (similar to other PAN-type compounds) is likely to be
dominated by thermal decomposition, while reaction with OH and O3 will participate to a lesser
extent. Temperatures as high as 42 °C were measured during the TexAQS 2000 study and led to
lifetimes as short as 5 minutes for the PAN-type compounds. This suggests that the production
of APAN from 1,3-butadiene and acrolein, as previously described, should be fast and efficient
while the lifetime of APAN at this temperature would be less than a few hours [Roberts et al,
2001].

9

1.4. Motivation for this Research
Atmospheric organic compounds have a profound influence on chemistry in the
atmosphere as well as on the formation, production, and climate effect of aerosols [Goldstein
and Galbally, 2007]. Haagen-Smit [1952] showed that ozone was photochemically produced
through the reaction of VOCs with NOx. Globally, biogenic VOC emission is an order of
magnitude higher than anthropogenic emissions [Guenther, 1995]. Additionally, in certain
urban environments emissions of VOCs from vegetation have played as important a role in local
photochemical ozone production as its anthropogenic counterpart [Chameides, 1988]. It is well
known that oxidation of VOCs in the troposphere is essential in the production of ozone and
aerosols, the two main components of photochemical smog [Goldstein and Galbally, 2007]. Yet
our understanding of these organic compounds’ gas and particle phase chemistry, how they
lead to ozone and aerosols, and the part they play in the Earth’s atmosphere and climate is far
from complete.
Because of its global importance to atmospheric composition, isoprene chemistry is
critical for understanding the big picture of the atmosphere, especially in non-urban areas.
Many studies have looked at the details of the oxidation mechanism and products of isoprene
[Roberts and Bertman, 1991, Carter and Atkinson, 1995; Atkinson and Arey, 1998; Paulot et al.,
2009; Fuchs et al., 2013]. However, to date there is no mention of APAN being produced as
result of isoprene photooxidation in the literature nor is it easy to mechanistically derive APAN
from any of the products of isoprene oxidation.
Simulated experiments in nonreactive chambers where levels of reactants, humidity,
and light and dark cycles can be controlled are necessary for further understanding of these
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mechanisms as they allow us to isolate compounds in the lab that can then be identified in the
field. The ability to control the variables in the chamber experiments not only help to identify
compounds in the field but also points to areas where similar reaction conditions would be
found. In theory, if atmospheric conditions are similar to the reaction conditions in the chamber
the same oxidation products should be produced and identifiable.
Dozens of experiments performed in isoprene “smog” chambers containing high levels
of isoprene and NOx have consistently produced a PAN-like compound that is absent from the
literature of isoprene chemistry. These experiments have involved four different sized
chambers (~5500 L, ~1000 L, ~200 L and ~100 L) in two different locations (Purdue University
and Western Michigan University) and show consistent results. However, we have shown that
this PAN-like compound produced in isoprene “smog” chambers is APAN based on a number of
observations and it is the goal of this thesis to demonstrate that.

11
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CHAPTER II

EXPERIMENTAL PROCEDURES
2.1. Chamber and Bag Construction
2.1.1. Chemicals and Sources
Acrolein, isoprene, NOx, methacrolein, methyl vinyl ketone, acrylic acid, fuming nitric
acid, acryloyl chloride, and dodecane were all obtained from Aldrich. Bromine and magnesium
sulfate were obtained from Fisher Scientific. Hydrogen peroxide, sodium chloride and peracetic
acid were obtained from Sigma-Aldrich. Dichloromethane was obtained from VWR
International. Isoprene purity was determined by NMR (JEOL, Eclipse 400 MHz) Delta version
4.3.6. in deuterated chloroform (Appendix Figure 1-1).
2.1.2. Chamber Specifications
A total of 67 VOC/NOx experiments were carried out in custom-made perfluoroalkoxy
(PFA) and fluorinated ethylene propylene (FEP) bags at Western Michigan University between
June of 2014 and June of 2017. The bags were placed in a box constructed of ½” and 7/16” OSB
plywood depicted in Figure 2-1. A piano hinge was attached to the top of the outer front wall
and the outer side of the top of the box to create a door that could be closed to block ambient
light and allowed for access to the interior of the box.
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Figure 2-1: Diagram of the chamber used for photooxidation experiments.
Four 4 ft F40 BL-40W black lights were attached to the interior and covered the entire
width of the box to simulate the UV radiation that causes photooxidation reactions in the
atmosphere. One was placed on the door and another on the back wall, each approximately
halfway between the bottom and top of the box. The other two lights were attached to the top
of the box, the first approximately 12” from the front of the box, the second approximately 12”
from the rear of the box. The inner walls, ceiling and floor of the box were lined with aluminum
foil to maximize the amount of light reflected into the bag. A hole was drilled through the top of
the box to allow for two sets of PFA Teflon tubing to be connected to the bag. One piece of
tubing had a ¼” outer diameter (OD) and connected a 10 L mass flow controller to a tank of
zero air (ZA) (Air Gas). The other tube had a ⅛” OD and was connected to the GC-ECD for
sampling. Temperature was monitored using a K-type thermocouple placed on the floor of the
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box and atmospheric pressure was recorded as a proxy for atmospheric pressure from the
Kalamazoo

International

Airport

weather

observation

website,

http://w1.weather.gov/obhistory/KAZO.htmL. These conditions were monitored so that the
concentration of reagents inside of the bag could be determined using the ideal gas law.
Absolute humidity not monitored but relative humidity was experimentally controlled, as
described in Section 2.2..
2.1.3. FEP Absorption Test
A piece of the FEP (American Durafilm) material approximately 1 cm wide by 5 cm long
and 0.0508 mm thick was rinsed with ultrapure water (polished) followed by HPLC-grade
ethanol and then polished water for a second time. The material was then taken to a UV-Vis
(Perkin Elmer, Lambda Bio20, 101N9060822, UV WinLab 6.0.3.0730) and placed in the custom
filter slot of the cuvette holder and tested to determine what wavelength(s) were absorbed by
the material.
2.1.4. Light Emission Test
The front of a Beckman DU spectrometer was raised approximately 8” off the floor of
the box and was angled so that the photodiode was approximately 1 ½” from the light mounted
on the back of the chamber (Figure 2-2). The spectrometer was set to make 1000 scans through
wavelengths from 200 nm to 700 nm at 10 scans s-1.
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Figure 2-2: Box light emission test setup.
The photodiode was then removed from the spectrometer and placed in the middle of
the floor of the box, first approximately 12” from the right side and then approximately 12”
from the left side so that emission measurements could be made. It was then raised 4” and
then 8” on both the right and left sides so that additional measurements could be made (Figure
2-3). This was done to show that the light in the box would uniformly reach the bag. Finally,
raised approximately 4” from the floor of the box, the photodiode was angled so that it pointed
toward the light on the back wall so that a measurement could be made from that direction.
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Figure 2-3: Photodiode positioning during black light emission uniformity test.
2.1.5. Bag Construction
To make a new, non-reactive, bag for the reactions to take place in, the power supply of
a custom-built bag sealer was set to 5 (Figure 2-4). The sealer clamps were first warmed up on
scrap material of various sizes left over from the building of previous bags with three seals,
using the 12.5” heating clamp demonstrated in Figure 2-5. Once the clamp is closed it activates
a trigger located in its handle and a light on the power supply is turned on. The light indicates
that heat is being applied and each setting on the power supply dictates the amount of time
that heat is introduced. The clamp was held closed until the light on the power supply turned
off.
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Power
Supply
Clamp
Figure 2-4: The custom built power supply and clamp used to make bags for the
photooxidation experiments.

Figure 2-5: Custom clamp in use for sealing the edge of a bag.
When the sealer clamp was warmed up a piece of FEP (American Durafilm) material was
cut to 68” x 48” and folded in half. These measurements were chosen as they maximized the
space available in the chamber. The FEP material that was folded onto itself was placed in
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between the heating clamp to produce the inner seal approximately 1.5” from the edge. For
each seal, immediately after the light turned off, the clamp was released and then closed a
second time until the light on the power supply turned off. The clamp was then released and
immediately closed again, this third time the vice grips attached to the clamp were closed
completely, thereby increasing the intensity of the clamp to its higher, second setting. Once the
light turned off for the third time the clamp was left on the bag for a count of 10 seconds then
released. The clamp was moved successively along the edge until the whole edge was sealed. In
this manner, a seal was made on the shorter opposing edges leaving the long side open (Figure
2-6). A second, outer seal, approximately ¼” to ½” from the edge, was made near the first seal
along both short sides.
To secure and seal a fitting on the bag, an unused, large powder-free nitrile exam glove
(Supreno SE) was placed inside the bag and a foam block was placed on top of that. A second
large powder free nitrile exam glove was placed on top of that and a number 7 cork borer was
used to cut a hole in the middle of the top of the FEP film of the bag. An FEP gasket, sealed in
the same manner as the bag edges from a 3” by 6” piece of FEP material that was folded in half,
was carefully screwed onto the bottom of a ¼” PFA integral ferrule compression bulkhead
union, which was then carefully screwed through the hole in the top of the partially sealed FEP
bag. A second FEP gasket was then carefully screwed onto the bulkhead on the inside of the
bag. Finally, the long edge was sealed in the manner described above, completing the seal of
the bag.
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Figure 2-6: Diagram of the bag used for the chamber experiments.
2.2. Bag Experimental Procedure
The procedure for studying VOC oxidation with NOx in the bag began by cleaning the
bag. To accomplish this, the bag was filled with zero air (ZA, Air Gas) twice at a rate of 9.79
L/min, controlled by a 10 L mass flow controller (S/N: 000105266). After each filling, a vacuum
pump was hooked up to the bag and the ZA was pumped out.
Humidities were varied to find the best conditions to consistently produce the highest
amount of APAN. Absolute humidity was not measured. To achieve the desired relative
humidity ZA was pumped through deionized (DI) water in a 1000 mL Teflon bubbler (Figure 2-7)
that was approximately two thirds filled, for a predetermined amount of time. Relative
humidity was calculated based on the amount of time ZA was pumped through the bubbler
relative to the amount of time it took to fill the bag. After the amount of water needed for the
desired relative humidity level was obtained, the remaining volume was filled with dry ZA by
removing the water bubbler (Figure 2-8). In experiments not requiring “100%” humidity, the
addition of the volatile organic compound (VOC) was performed once dry air addition began.
Introduction of the VOC into the bag was done through a GC septum contained in one leg of a
metal injection port made from a ¼” stainless steel compression tee fitting (Figure 2-9) using a 1
L (Hamilton). A heat gun was used to heat the injection port after injection of the material to
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ensure that the VOC was entirely volatilized. In experiments where “100%” humidity was called
for the VOC was added at the beginning of ZA addition. In all cases VOC addition was
immediately followed by NOx addition. NOx (assumed to be pure NO2, 99.5% Aldrich lot:
MKBP0539V) was injected into the bag with either a 100 L or 250 L gas tight Hamilton
syringe using the same injection port as the one used for the VOC. Prior to each injection, VOC
or NOx, material was drawn into their respective syringes and evacuated into a chem wipe 10
times to remove any air before the final sample was taken and introduced into the bag.

Figure 2-7: Zero air flowing through the bubbler to produce humidity inside the
bag.
After the bag was filled, the door to the box was closed and the bag was left in the dark
for a predetermined amount of time to generate HONO the hydroxyl radical source. This
compound is produced through the reaction of water and NOx shown in Figure 2-10 and takes
place on the surface of the bag [Finlayson-Pitts, Pitts, 2000]. HONO is primarily formed in the
dark due to its high susceptibility to photolysis. The bag was never filled to the point where the
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walls were rigid; therefore, it was assumed that the pressure inside the bag was approximately
1 atm.

Figure 2-8: The bag being filled.

Figure 2-9: The ¼” stainless steel compression tee fitting with a GC septum in one
leg used as the injection port.
H2O + 2NO2
HNO3 + HONO
Figure 2-10: HONO production scheme taking place on the surface of the bag.
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The amount of time it would take to produce an ideal HONO concentration for the
experiment was a variable that was investigated and determined to be approximately three
hours. At the end of the HONO production period the bag was hooked up to a GC-ECD and a
background sample was taken. After this the lights in the box were turned on (Figure 2-11) to
initiate the homolytic split of the HO-NO bond and produce the hydroxyl radical (Figure 2-12). A
GC-ECD injection was made every 20 minutes following the background injection and
monitored by PeakSimple software on the computer.
Many VOC/NOx bag experiments under various conditions were performed.
Representative conditions are described in Tables 2-1, 2-2, and 2-3. No fewer than three bag
experiments were run at any of the conditions when isoprene was the VOC and in some cases
as many as 16 experiments were performed. Ten experiments starting with acrolein (90%
hydroquinon stabilizer, Aldrich lot: SHBFO54OV) were conducted and 1 experiment each was
run starting with methacrolein (MACR, 95%, Aldrich lot: NA), methyl vinyl ketone (MVK, Aldrich
lot: MKBN3451V), and their combination.

Figure 2-11: Full bag with the lights on in the chamber.
HONO + h
•OH + •NO
Figure 2-12: Production of the hydroxyl radical through photolysis.
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Table 2-1: Isoprene oxidation bag experimental conditions.
VOC
Isoprene
Isoprene
Isoprene
Relative Humidity (%)
5
25
50
Wet Air In (min)
0.92
4.60
9.22
Total Fill Time (min)
18.40
18.40
18.39
Volume of Air (L)
194
194
179.2
0.22
0.22
0.22
Volume of VOC (L)
11
11
11
Volume of NOx (L)
ppb of Isoprene
273
273
299
ppb of NOx
56.7
56.7
61
HONO Generation Time
3
3
3
(hrs)
Number of Experiments
13
3
16

Isoprene
75
13.78
18.38
194
0.22
11
273
56.7

Isoprene
100
18.42
18.42
179.2
0.22
11
299
61

3

3

3

3

Table 2-2: VOC oxidation bag experimental conditions.
VOC

Acrolein

MACR1

MVK2

Relative Humidity (%)
Wet Air In (min)
Total Fill Time (min)
Volume of Air (L)
Volume of VOC (L)

50
9.21
18.41
179.2
0.22

50
9.51
19.01
179.2
0.22

50
9.2
18.41
179.2
0.22

ppb of VOC

450

364

359

Volume of NOx (L)

11

11

11

MACR +
MVK3
5
0.92
18.58
179.2
0.223
1821,
180.52
11
61.1

ppb of NOx
61.2
61.1
61.1
HONO Generation Time
3
3
3
3
(hrs)
Number of Experiments
10
1
1
1
1
2
3
MACR = Methacrolein, MVK = Methyl Vinyl Ketone, VOC volume was split
equally between MACR and MVK
Four experiments were conducted under “0%” humidity conditions to ascertain whether
the chemistry taking place in the bag reflected that of the atmosphere. The experiment
followed the general procedure other than the dry air was not pumped through the bubbler so
that the humidity level was kept at a minimum. If there was absolutely no water in the bag,
minimal chemistry would occur since HONO should not be produced to initiate the radical
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reaction that begins when the light is turned on. Therefore, it was hoped that none of the PANtype compounds would be produced showing that the reaction that produces APAN is not
solely the result of the photochemistry in the box.
Table 2-3: Isoprene oxidation bag experiment conditions.
VOC
Isoprene Isoprene Isoprene Isoprene
Radical Source
Bromine
NOx
NOx
NOx
0
Relative Humidity (%)
0
5
0
Wet Air In (min)
0
0.92
0
0
18.6
Total Fill Time (min)
18.4
18.4
18.5
182.1
Volume of Air (L)
179.2
179.2
179.2
0.22
0.22
0.22
0.22
Volume of VOC (L)
11
11
11
11
Volume of NOx (L)
11
NA
NA
NA
Volume of Bromine (L)
0
HONO Generation Time (hrs)
3
3
3
3
Number of Experiments
5
1
1
2.2.1. Bromine as a Radical Initiator
Four experiments were run to determine if using bromine as the radical initiator in the
presence of NOx and isoprene would produce PAN, APAN, and MPAN (Table 2-3). The
procedure for the experimental setup differed from the general procedure in only a few ways.
Prior to beginning the experiment approximately 2 mL of Bromine (Fisher Scientific) was
transferred to a 15 mL glass vial and sealed with a cap that contained a septum. Only dry air
was pumped into the bag in order to keep humidity as low as possible so that little HONO
would, if any, form and Br2 could be shown to be the radical initiator. The same procedure for
filling the needle was used to obtain NOx and Br2 (g) and 11 µL each of NOx and Br2 was injected
into the bag, respectively. After the bag was full, it was immediately hooked up to the GC for
sampling and after a background sample was taken the lights were turned on inside the box.
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Unfortunately, our methods for analyzing the products of this reaction were inadequate
because each time the baseline of the chromatogram reached its maximum immediately after
initiating the run and remained that way for the entire length of the run. This suggested that
our system was much too sensitive to Br2 which lead to a high background. As a result it was
impossible to determine what products, if any, were being produced. It is likely that bromine
overwhelmed the ECD leading to the increase in voltage necessary to maintain the set current.
2.2.2. Effect of the Lights in the Box on the Thermal Decomposition of APAN in the Bag
After conditions for the production of APAN through isoprene oxidation were optimized,
an experiment was performed at “5%” humidity (Table 2-3) to assess the role that light inside
the box played in the decomposition of APAN. Due to a lack of venting and air flow in the box,
the internal temperature would rise to between approximately 27 °C and 29 °C within a few
hours. This experiment was set up according to the general procedure previously outlined with
the exception that once APAN production reached its maximum at approximately 3 hours after
lights on, the lights in the box were turned off and GC-ECD monitoring continued. It was
believed that if light was causing the decomposition of APAN then by turning off the lights it
would allow for the concentration of APAN to remain higher for a longer period of time and a
greater amount of APAN to be trapped for injection into the GC-MS.
2.3. Liquid Standard Syntheses of PAN and APAN as Dilute Solutions
Peroxyacyl nitrate standards PAN and APAN were produced for retention time
determination and trapping method development following the synthetic procedures of
Nielson et al. [1982], Gafney et al. [1984], and Tanimoto et al. [2001], respectively. Synthesis of
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PAN is relatively simple, requiring only the in-situ nitration of readily available peroxyacetic acid
in the low volatility hydrocarbon solvent dodecane (Figure 2-13).

Figure 2-13: PAN synthesis from in situ nitration of peroxyacetic acid.
Synthesis of APAN, on the other hand, is slightly more challenging as it is necessary to
first synthesize acrylic anhydride from the reaction of acrylic acid with triethylamine and
acryloyl chloride (Figure 2-14). The acrylic anhydride is then reacted with H2O2 followed by the
in situ nitration with H2SO4/HNO3 (Figure 2-15).

Figure 2-14: Synthesis of acrylic anhydride from acrylic acid and triethylamine.

Figure 2-15: APAN production from reaction of acrylic anhydride and hydrogen
peroxide followed by in situ nitration.
2.3.1. Liquid Synthesis of PAN as a Dilute Solution in Dodecane
All necessary glassware was cooled in the freezer prior to use. A cold 100 mL round
bottom flask containing a magnetic stir bar was placed into an ice bath. 20 mL of dodecane
(Aldrich, 99%) was then added to the flask and allowed to stir. After 5 minutes, 3 mL of cold
peroxyacetic acid (Sigma-Aldrich, 32 wt. %) was added to the stirring dodecane. The mixture
was allowed to stir for 5 minutes before 2 mL of cold, concentrated H 2SO4 was added dropwise
to the solution at approximately 1 drop per second. After the contents had stirred for 5 minutes
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1.5 mL of cold concentrated fuming HNO3 (Aldrich, >90%) was added dropwise to the reaction
flask at a rate of approximately 1 drop per second. The mixture was then allowed to stir
vigorously at a setting of 12 for 15 minutes. 50 mL of DI water and ice was added to a cold
separatory funnel. The reaction mixture was then poured over the ice water into the separatory
funnel. Without shaking the separatory funnel, the aqueous layer was drained from the funnel.
The organic layer was then washed 3 times with 3 portions of 25 mL cold DI water and the
aqueous layer was discarded. The organic layer was then transferred to a cold beaker in an ice
bath and dried with MgSO4 (Fisher Scientific). A plug of cotton was placed into a Pasteur pipette
and aliquots of the PAN/dodecane solution were filtered through the cotton into 1 dram vials.
The PAN standards were then labeled and stored in the freezer. Successful synthesis of PAN
was determined by placing approximately 2 mL of the PAN/dodecane solution in the bulb of a
diffusion cell and running diluted samples on the GC-ECD.
2.3.2. Liquid Synthesis of APAN as a Dilute Solution in Tridecane
All necessary glassware was cooled in the freezer prior to use. A 500 mL round bottom
flask holding a magnetic stir bar was placed into an ice/water bath that also contained NaCl
(Sigma-Aldrich). 100 mL of dichloromethane (Laboratory Grade, VWR International) was added
to the flask followed by 3.5 mL of acrylic acid (Aldrich, 99%) and 7.5 mL of triethylamine.
Previously chilled acryloyl chloride (Aldrich, 97%) in the amount of 4 mL was added dropwise to
the stirring solution changing the colorless solution to a milky yellow. The solution was then
allowed to stir for 2 hours at 0 °C leading to a green solution containing a precipitate. Additional
ice was added once during the 2 hours of stirring in order to keep the reaction mixture at the
appropriate temperature. The solution was washed 2 times in a 500 mL separatory funnel with
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200 mL of DI water and then dried over MgSO4. The dichloromethane was removed with a
rotary evaporator and the resultant acrylic anhydride was separated into two aliquots and
stored in the refrigerator in order to avoid polymerization.
All necessary glassware was cooled in the freezer prior to use. A 50 mL round bottom
flask holding a magnetic stir bar was placed into an ice/water bath. 2 mL of acrylic anhydride,
synthesis described above, was then added to the flask followed by 40 µl of H 2SO4. Next, 300 µl
H2O2 (Sigma-Aldrich, 50%) was added to the stirring solution resulting in yellow/orange color.
The mixture was allowed to stir for 5 minutes and then 2 mL of dodecane was added to the
flask. Following this, 360 µl each of H2SO4 and fuming HNO3 (Aldrich, >90%) were added to the
reaction and it was allowed to stir for 5 minutes. The reaction was then washed with 5 portions
of 10 mL of DI water that had been chilled in the freezer and dried over MgSO 4. A plug of cotton
was placed into a Pasteur pipette and the APAN solution was filtered through the cotton into a
1 dram vial. The APAN standard was then labelled and stored in the freezer. Successful
synthesis of APAN was determined by placing approximately 2 mL of the APAN/tridecane
solution in the bulb of a diffusion cell and running the diluted samples on the GC-ECD.
2.4. Trap Cleaning Method
Five to ten mL of acetone or hexanes was poured into a vial with a lid containing a
septum. The trap was pushed through the septum all the way to the bottom of the vial
containing the organic solvent. A second piece of capillary column was connected to N 2 (g) flow
and then pushed through the septum so that it protruded into the headspace of the vial while
not coming into contact with the organic solvent. The gas was turned on at a rate of 4 mL per
minute and the pressure from the gas forced the organic solvent through the capillary column
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trap and into a receiving flask. This process was discontinued since residue from both acetone
and hexanes was observed in subsequent GCMS runs. It was assumed that since the bag
products were gases at room temperature, they would not stick to the trap and that flushing
with N2 gas prior to trapping would be sufficient.
2.5. General PAN and APAN Liquid Standard Sample Trapping
In order to determine GC-MS retention times (R.T.) and develop a method for trapping
from a bag experiment it was necessary to trap synthetic standards of PAN and APAN. These
samples would then be injected into the GCMS so that spectra could be obtained for
verification of the identity of the VOC oxidation products.
Nitrogen gas was run through a 10 SCCM mass flow controller (S/N: 1179A01328465)
with a 1/8” Teflon tube connected to piece of capillary column measuring 2.25” with a metal
fitting and a graphite ferrule that was clamped approximately 12” above the bench top on a
ring stand. This piece of column was connected to a second piece of capillary column measuring
approximately 18” using a glass press-tight connector. This second piece of column was used as
the trap. Nitrogen gas was allowed to flow through the trap in order to get rid of ambient
moisture and gaseous contaminants for 10 minutes at a rate of 10 mL/minute. A two dram vial
with a silicone septum half full of a solution of VOC in organic solvent was clamped to a ring
stand roughly 8” above the bench top. The capillary column that was attached to the 1/8”
Teflon tube was disconnected from the trap after flushing it with N 2 (g) and then used to pierce
the septum of the vial and run into the VOC/organic solvent solution. The trap was then run
through the septum of the vial into the headspace. The remainder of the trap was then placed
in a dewar half full of cryogen. Gaseous nitrogen was then bubbled through the VOC/organic
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solvent solution in order to degas the VOC from the organic solvent into the capillary column
and into the trap where the VOC is condensed into its liquid form (Figure 2-16).

Figure 2-16: General standard solution degassin g setup. *10 SCCM Mass Flow
Controller.
2.6. Bag Oxidation Product Trapping
A modified procedure was applied to obtain samples of PAN and APAN from bag
experiments. An 1/8” piece of Teflon tubing connected to the bag was run to a metal fitting
connected to a 2 1/4” piece of capillary column held tight with a graphite ferrule. This piece of
column was connected via glass press-tight connecter to the capillary column trap which was
run into a dewar half full of N2 (l) and out again so that a portion of it could be submerged in
the condensing bath (Figure 2-17).
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Figure 2-17: Trapping setup. The dewar was used for both dr y ice/acetone and
liquid nitrogen condensing baths. *MFC = mass flow controller.
The section of trap running out of the dewar was connected to a second 2 1/4” piece of
capillary column that ran to a metal fitting. A piece of 1/8” Teflon tubing ran from the metal
fitting to a 10 SCCM mass flow controller (S/N: 1179A01328465) that was connected to a
vacuum pump.
The whole system was oriented so that the pump would draw air at a controlled rate
from the bag and through the trap. Several types of cooling baths, sometimes in tandem were
tested to find optimal trapping temperatures. Initially liquid nitrogen was used but the very low
temperature of -196 °C condensed large amounts of carbon dioxide as well as water vapor,
which lead to the eventual clogging of the trap. Additionally whenever N 2 (l) was used as the
cryogen the MFC controller reading fluctuated wildly, making an accurate reading of flow
impossible. Conditions for the bag oxidation product trapping are shown in Table 2-4.
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A dry ice/acetone bath was chosen to limit condensation of carbon dioxide in the trap
while still condensing the PAN compounds. At one point the Teflon tube that came out of the
bag was run through an ice water bath upstream of the trap in an attempt to condense water
before it reached the trap but this additional bath made no difference in the outcome and was
not used again.
Table 2-4: Trapping experiment condensing bath type, flow rate, length of
trapping, and success.
Instrument
Product to
Length of
Bath Type
Flow Rate
Isolated
Used
Isolate
Trapping
GC-ECD
N2 (l)
PAN1
2.3 cc/min
NA
Yes
1
4
GC-MS
N2 (l)
PAN
10 cc/min
35 sec
Yes
2
4
GC-MS
N2 (l)
APAN
10 cc/min
10.03 min
No
Dry
GC-MS
APAN2
10 cc/min4
12 min
No
ice/acetone
GC-MS
N2 (l)
APAN2
10 cc/min4
40 min
No
1
4
GC-MS
N2 (l)
PAN
10 cc/min
2 min
Yes
GC-MS
N2 (l)
APAN1
10 cc/min4
45 sec
No
1
4
GC-MS
N2 (l)
APAN
10 cc/min
1.75 min
No
1
4
GC-MS
N2 (l)
APAN
10 cc/min
5 min
Yes
Dry
PAN, APAN,
GC-MS
10 cc/min4
20 min
No
ice/acetone
MPAN3
PAN, APAN,
GC-MS
N2 (l)
10 cc/min4
42.75 min
No
MPAN3
GC-MS
N2 (l)
PAN1
10 cc/min4
10 min
Yes
GC-MS
N2 (l)
PAN1
10 cc/min4
12 min
Yes
2
4
GC-MS
N2 (l)
APAN
5.6 cc/min
30.16 min
Yes
Dry
4.82
GC-MS
PAN1
12 min
Yes
ice/acetone
mL/min5
Dry
4.82
GC-MS
APAN2
60 min
No
ice/acetone
mL/min5
Dry
4.82
GC-MS
APAN2
180 min
Yes
ice/acetone
mL/min5
1
Synthesized Sample, 2Acrolein Bag Sample, 3Isoprene Bag Experiment, 4MFC
Controller Setting, 5MFC Controller Reading
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2.6.1. Increased Concentration of Reagents for Isoprene Oxidation Product Trapping
Two double bag experiments were performed in order to increase the concentration of
APAN produced in the bag for trapping. For each of these experiments the conditions matched
those of the “5%” humidity bag experiments described in Table 2-1. Once APAN production had
been verified by GC-ECD trapping began and was continued with periodic GC-ECD runs being
performed until the APAN peak had greatly decreased in size. At this point a second bag was set
up in the same manner as the first while the trap was kept in the cryogen. APAN production in
the second bag was verified and trapping was initiated. In the first of the double bag
experiments, the concentration of isoprene and NOx was doubled and the HONO generation
period was one hour for each of the corresponding bag trapping experiments. In the second
double bag experiment the concentration of isoprene and NOx was quadrupled. The remainder
of the experimental conditions matched those of the “5%” humidity bag experiments described
in Table 2-1. Trapping was set up according to Figure 2-17 with a dry ice/acetone condensing
bath.
2.6.2. Trap Testing Experiment
A number of attempts at trapping the isoprene oxidation products were attempted
without success (conditions are described in Appendix Table 1-5). As a result of this the
trapping system was tested to see if the PAN-type compounds were making it past the trap or
decomposing in it.
A bag experiment was set up under the same conditions as the “5%” humidity isoprene
oxidation experiment described in Table 2-1 and trapping was set up according to Figure 2-18
with dry ice/acetone serving as the cryogen. Approximately one hour and fifteen minutes after
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the lights in the chamber were turned on five samples taken thirty minutes apart were analyzed
by GC-ECD. The samples were taken either before or after the trap. Samples taken before the
trap were injected into the GC-ECD by removing the 1/8” Teflon tubing from the PFA union that
connected the line from the bag to the trap and connecting it to the GC-ECD sample loop. To
get a sample after it had gone through the trap the tubing was disconnected from the mass
flow controller and connected to a stainless steel union with an 1/8” PFA tube coming out of
the other side. This latter piece of tubing was then connected to the GC-ECD sample loop.
The first sample was taken from the bag at point A before it could go through the trap.
The second sample was taken at point B, after the sample had passed through the trap, but
while the trap was not in the condensing bath. The third sample was taken under the same
conditions as sample one. Sample four was taken at point B while the trap was in the dry
ice/acetone bath. Sample five was taken at point A. This experiment will be described in greater
detail in Section 3.3.5..

Figure 2-18: The experimental setup for testing whether the isoprene oxidation
products were being condensed inside the trap.
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2.7. GC-MS Injection Procedure
The easiest way to definitively prove the identities of the products produced in the
chamber was to use gas chromatography in tandem with a mass spectrometer. The spectra of
two of the products from isoprene oxidation, PAN and MPAN, can be found in published
literature [Bertman and Roberts, 1991] making verification of their presence in a trapped
sample relatively straightforward. However, only negative ion spectra of APAN have been
published to date. As this is a different ionization method than the one that our GC-MS (HP
6890/MSD 5973) uses, an entirely different fragmentation pattern was expected to result in the
EI instrument available. The temperature sensitivity of PAN compounds meant that the GC-MS
had to be kept at as low a temperature as possible. Since we had no way to cool the GC-MS, its
temperature matched that of the room that it was in.
2.7.1. GC-MS Method and Columns
Table 2-5: Final GC method parameters.
Oven
Initial Temp
Initial Time
Run Time

Front Inlet
25 °C

Mode

40
min
40
min

Initial
Temp
Purge
Flow
Total Flow

Column 1

Splitless

Model Number

Agilent DB210

25 °C

Nominal Length

30 m

Nominal Diameter

250 um

5.0
mL/min
9.9
mL/min

Nominal Film
Thickness
Initial Flow

Table 2-6: Final MS method parameters.
MS Transfer Line
(Thermal Aux 2)
Initial Temp

25 °C

Scan Parameters
Low
Mass
High
Mass
MS
Quad
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30
100
150 °C maximum 250
°C

0.25 um
2.0 mL/min

Table 2-7:GC-MS columns tested. The DB-210 was found to be optimal.
Manufacturer
Restek
Agilent
Technologies Inc
Agilent
Technologies Inc
Agilent
Technologies Inc

Column Type

Dimensions

Rtx®-Biodiesel 2m x 0.53 R.Gap, 15 m x 0.32 mmID,
TG
0.10 um

Serial
Number

Catalog
Number

986826

10293

US8711123
19091S-433
H

HP-5MS

30 m x 0.25 mmID x 0.25 um

DB-210

NA

NA

NA

DB-210

30 m x 0.25 mmID x 0.25 um

USP230827H

122-0232

2.7.2. Injection through the Injection Port
Headspace was injected into the GC-MS several times with solutions of PAN in
dodecane, APAN in tridecane, and pure samples of isoprene, MVK, and MACR. Small volumes of
MVK and MACR were each transferred to a 2 dram vial with a septum by Pasteur pipette
because their respective bottles did not contain septa. 100 L and 250 L gas tight syringes
were used for injection. With the exception of four injections, all of the headspace came from
either the reagent bottle or a vial. The four injections that did not come from a bottle or vial
were taken from the arm of a diffusion cell that connects to the neck of the cell just above the
bulb containing the sample.
Bottles or vials were taken to the GC-MS room where the sample would be obtained
and injected. Once the needle was pushed through the septum and into the headspace the
plunger of the syringe was drawn up to 100 µL and evacuated 10 times. Then a certain amount
of headspace was drawn up into the syringe and injected into the GC-MS through the injection
port. Injection volumes and analyte retention times are listed in Appendix Table 1-1.
Five PAN and one MACR injections were made immediately after the run was started.
After that, in an effort to get R.T’s that would match the isoprene oxidation R.T.’s, injections of
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isoprene, MVK, and MACR were made at the time point into the run when O 2 would show on
the chromatogram.
Attempts to inject VOC oxidation products from bag experiments through the injection
port using 100 L, 250 L, and 10 mL gas tight syringes were undertaken. After irradiation for
approximately 3 hours, when APAN concentration was believed to be at its maximum, the plug
in the bag was removed. The needle of the syringe was pushed into the opening of the bag and
the plunger of the syringe was drawn up to capacity and evacuated 10 times. The 11th time the
syringe was not evacuated but was injected into the injection port of the GC-MS and the run
was started.
Another technique for injecting into the injection port involved using the trap instead of
a syringe. After the sample was trapped, the trap was brought to the GC-MS while still in the
dewar containing cryogen and the septum on the GC-MS was replaced with a new one to
ensure a proper seal on the system. While the trap was still in the cryogen one end of it was
hooked up to an approximately 6’ piece of column (with a press-tight connector) coming from a
secondary GC that was used to control flow. This secondary GC was used as a He source with no
heating. The other end of the trap was left exposed to the air. He was allowed to flush the trap
for 2 minutes. After the flushing period the trap end that was not hooked up to He flow was
pushed through the septum to a depth of approximately 2”, the data acquisition was started,
and the trap was removed from the cryogen.
2.7.3. Column Splicing
To avoid the reactive surfaces of a GC inlet port, the column inside the GC oven was cut
approximately 10” from the inlet port to allow insertion of a section of column with trapped
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material to be flushed onto the GC column (trap). The trap was then connected to the section
of GC column not attached to the inlet with a press-tight. The open end of the trap was then
connected to the other section of the GC column that was connected to the inlet and carrier
gas was allowed to flow through the trap while it remained in the cryogen and the acquisition
software was started (Figure 2-19). Once a peak for O2 was observed eluting from the column
the trap was removed from the cryogen.

Figure 2-19: Diagram of the trap spliced into the GC -MS column while still in the
cryogen.
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3 CHAPTER III
EXPERIMENTAL RESULTS
3.1. Production of APAN through Isoprene Oxidation
3.1.1. Consistent and Reproducible General Chamber Experiment Results
Many VOC/NOx FEP bag experiments were performed to determine conditions
conducive to APAN production from isoprene. In general, the experimental procedure for each
bag experiment had the same sequence of events and varied primarily in reactant
concentration, length of HONO generation time, size of the bag, and the amount of relative
humidity introduced into the bag as can be seen in Table 2-1. As long as NOx was successfully
injected into the bag, the procedure for monitoring the reaction was the same and the same
products were typically produced although in differing amounts.
In each of the experiments a sample background was run on the GC-ECD prior to turning
on the lights to determine the level of any PAN-type compounds in the bag before
photochemistry started. In all experiments, peaks in the background were below the level of
detection for the system confirming that the peroxyacyl nitrates observed were being produced
in the bag and were not contaminants.
While there was some variance in peak area between experiments involving isoprene
and NOx, peaks for PAN, APAN, and MPAN were present in the chromatogram within one hour
of turning on the lights in the box. Average analyte retention times (R.T.) are shown in Table 31. A characteristic GC-ECD chromatogram run from a bag experiment is shown in Figure 3-1.
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Table 3-1: Average GC-ECD R.T. of the PAN-type products from Isoprene oxidation
in the presence of NO x .
Average
Retention
Analyte
Time
(min)
PAN
6.61
APAN
9.21
MPAN
17.2

Figure 3-1: Typical GC-ECD run with PAN, APAN, and MPAN present.
The peak areas for PAN and APAN typically increased at a similar rate for the second
hour in experiments for humidity levels of “0%”, “5%”, and “25%”. However, the peak area of
APAN was slightly smaller than that of PAN. The PAN peaks exceeded the maximum linear
range of detection of the GC-ECD by the second hour causing them to be off-scale. APAN and
MPAN peaks were off-scale by hour two at “5%” humidity and by the third hour at “0%”
humidity. At each of the humidity levels, the absolute peak areas for APAN began to decrease
beginning at hour three after the lights were turned on, suggesting that the APAN
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concentration had reached its maximum. During this time the absolute peak areas for PAN, and
MPAN continued to increase.
Because the PAN peak was off-scale at the “0%”, “5%”, “25%”, and “50%” humidity and
MPAN was off-scale in the “0%” and “5%” humidity, it is difficult to draw any conclusions as to
their growth or decay. After the fourth hour, production of the analytes either slowed or
stopped and peak areas either remained fairly consistent or decreased at different rates.
3.1.2. Are the Results due to Radical Chemistry or due to Direct Photochemistry of VOC?
Chemistry taking place inside of the bag could be due to radical chemistry initiated by
UV photons, or it could be a result of direct photolysis of reactants. A graph of the emission
spectrum of the lights in the chamber measured using a Beckman DU spectrometer is shown in
Figure 3-2, and a table of the emission values at seven different locations inside of the box is
shown in Table 3-2 along with the standard deviation of the recordings and a figure of where
each of the absorption tests were located in the box (Figure 3-3). The data in Table 3-2 make it
clear that the light was uniformly distributed in the chamber.
Additionally, the absorption spectrum of a piece of FEP material used in bag
construction is shown in Figure 3-4 and demonstrates that the bag material’s greatest
absorption is below 260 nm.
Isoprene absorption has been studied extensively and Lambda Max is reported in
organic chemistry textbooks as 220 nm [McMurry, 2008]. HONO has several absorption bands
with three being most prominent at 342 nm, 354 nm, and 368 nm [Stutz, Kim, Platt, Bruno,
Perrino, and Febo, 2000]. Based on the UV absorption of each of the compounds, it can be
assumed there is not sufficient intensity of any wavelengths to cause direct isoprene
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absorption. Therefore it seems reasonable that direct photochemistry of the VOC is not taking
place and that HONO absorption at 368 nm leads to production of the OH radical, initiating the
radical chemistry in the bag.
3.50E-07
3.00E-07

Power (W/cm2)

2.50E-07
2.00E-07
1.50E-07
1.00E-07
5.00E-08
0.00E+00
200

290

368

450

550

650

-5.00E-08

Wave Length (nm)
Figure 3-2: Measured UV emission spectrum of the lights in the chamber.
Table 3-2: Results for the photodiode experiments measuring the intensity of the
black light bulbs at seven different locations inside of the box. Except when noted
the photodiode was pointed toward the ceiling of the box.
Location in the Chamber1

Wavelength (nm)

Power (W/cm2)

Floor, right
Floor, left
Raised ~4", left

368
368
368

2.41E-04
2.37E-04
2.41E-04

Raised ~4", left2
Raised ~4", right
Raised ~8", right
Raised ~8", right

368
2.45E-04
368
2.45E-04
368
2.45E-04
368
2.42E-04
Average
2.42E-04
StDev
3.17316E-06
1
2
Location in the chamber was ~1 ft from the respective side. Photodiode was
tilted toward the lights on the back wall.
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Figure 3-3: Photodiode location for black light emission experiments inside of the
chamber.
0.5
0.45

Absorptivity

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
200

220

240

260

280

300

320

340

360

380

400

Wave Length (nm)
Figure 3-4: Measurement of the absorption spectrum of the FEP material in nm.
3.1.3. Amount of APAN Produced at Different Relative Humidities
Overall 67 bag experiments were conducted with various VOC precursors, varying
relative humidity, HONO production time, bag size, and isoprene/NOx concentrations. Because
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precise control over the starting material amounts were calculated and not measured and ECD
sensitivity varies from analyte to analyte, peak areas were normalized by the area of the PAN
peak since it was believed that ECD sensitivity to PAN was the greatest. However, the GC-ECD
was never calibrated so that exact absolute concentrations of PAN and its analogs could be
determined.
Results from the bags under similar conditions gave reproducible results. A
representative graph of APAN/PAN ratios plotted over the course of 7 hours in Figure 3-5
demonstrates this reproducibility. The “100%” humidity level in Table 3-3 and Figure 3-5 was
chosen for this because none of the peaks exceeded the maximum linear range of detection.
0.90

APAN/PAN Peak Area Ratio

0.80
0.70
0.60
0.50

APAN/PAN
121614
APAN/PAN
042917
APAN/PAN
050617

0.40
0.30
0.20
0.10
0.00
0.00

1.00

2.00

3.00 4.00 5.00
Injection Time

6.00

7.00

Figure 3-5: Experimental reproducibility represented by APAN/PAN peak area
ratios vs injection time (hrs).
Representative results from five isoprene oxidation experiments under humidity
conditions ranging from “5%” to “100%” are shown in Table 3-3 and Figure 3-6. It was the goal
of these experiments to determine which conditions would maximize product concentrations.
(In some cases this led to peak areas that exceeded the maximum linear range of detection for
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the GC-ECD.) These are indicated in Figure 3-6 with a triangle at the time point. The peak areas
listed in the Table 3-3 have been normalized to PAN and are given at one hour after
photooxidation was initiated and again at the time point which saw the greatest absolute peak
area for APAN. These values were chosen since they best represent APAN’s growth.
The largest absolute peak areas for APAN were found at the “5%” humidity level as
shown in Figure 3-6. It should be noted that by the second hour after the lights were turned on
the peaks for PAN, APAN, and MPAN were usually truncated for the experiments that were run
at “5%” humidity and the same VOC/NOx concentrations. This continued for APAN until the
fifth hour of monitoring, and for PAN and MPAN into the ninth hour of monitoring.
Table 3-3: Representative results of isoprene oxidation under varying conditions.
Relative Humidity (%)
5
25
50
75
100
ppb of Isoprene
273
273
299
273
299
ppb of NOx
56.7
56.7
61
56.7
61
PAN Relative Peak Area (1
1
1
1
1
1
hr)
PAN Relative Peak Area
1
1
1
1
1
Max PAN Relative Peak Area
4
2
5
4
6
hr
APAN Relative Peak Area (1
0.98
1.11
0.99
1.02
0.42
hr)
APAN Relative Peak Area
0.68
0.72
0.41
0.45
0.13
Max APAN Relative Peak
3
2
3
3
3
Area hr
MPAN Relative Peak Area (1
0.21
0.22
0.25
NA
NA
hr)
MPAN Relative Peak Area
0.45
0.42
0.79
0.31
0.41
Max MPAN Relative Peak
3
3
4
4
4
Area hr
At “0%” humidity (Table 3-4) a surprising amount of PAN and APAN were produced
considering that the dark reaction that produces HONO is between NO 2 and water. The PAN
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peak was off-scale beginning the second hour of photooxidation and lasted into the ninth hour
when monitoring was ceased. A small amount of MPAN was also produced. These compounds
were produced probably as a result of the bag not being dry enough due to residual water
inside the bag. Similar results were also seen during repeat experiments performed at “0%”
humidity when no delay was allowed for HONO production in the dark, although MPAN
production was decidedly higher (Table 3-4, Figure 3-6).
Table 3-4: Isoprene bag experiment relative peak area results under “0%”
humidity.
Relative Humidity (%)
0
01
ppb of Isoprene
290.8
291
ppb of NOx
66
65.9
PAN Relative Peak Area (1 hr)
1.00
1.00
2
PAN Relative Peak Area
1.00
1.021
Max PAN Relative Peak Area hr
4
4
APAN Relative Peak Area (1 hr)
0.73
0.97
APAN Relative Peak Area
0.64
0.762
Max APAN Relative Peak Area hr
3
3
MPAN Relative Peak Area (1 hr)
0.01
0
MPAN Relative Peak Area
0.01
0.662
Max MPAN Relative Peak Area hr
3
3
1
2
No HONO generation time was allowed. Peaks exceeded
the maximum linear range of detection.
These experiments show how difficult it is to achieve “0%” humidity inside the bag and
that higher levels of APAN are produced at low humidity. However, the absolute peak areas are
closer to those recorded at the “25%” humidity level (Table 3-3, Figure 3-6) and less than those
recorded at the “5%” humidity level (Table 3-3, Figure 3-6). The reasons for this are unclear
though, since the absolute humidity was not measured and the mechanism that produces
APAN from isoprene has not been elucidated.
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Figure 3-6: Absolute peak areas of PAN, APAN and MPAN at varying relative humidity.
detection.
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- Peak area exceeded the linear range for

The results of the experiments at different humidity levels (summarized in Figure 3-7)
demonstrated that as humidity increased, the absolute peak areas for APAN decreased
suggesting that production of APAN decreased. Therefore it can be said anecdotally that, to a
certain point, at lower relative humidity more APAN was produced. The ideal humidity level
was not determined in this research, but based on the reproducibility of the results of these
experiments and the absolute peak areas at each of the relative humidities tested, all APAN
trapping experiments used bag environments with “5%” humidity to produce the most product
for accumulation.
25000

Absolute Peak Area

20000

15000

Max
APAN
Absolute
Peak
Area

10000

5000

0
0%

5%

25%

50%
75%
Relative Humidity (%)

100%

Figure 3-7: Total APAN produced versus humidity. Peaks were off-scale at “0%” and
“5%” humidities.

48

3.1.4. Differences in Apparent Loss Rates between APAN and MPAN
Figure 3-6 shows the absolute peak areas from isoprene oxidation bag experiments
performed at “0”, “5”, “25”, “50”, “75”, and “100%” humidity. In all cases the peak areas
representative of APAN reached their maximum by the third hour and then quickly diminished
indicating a rapid loss of APAN in the bag. With the exception of the experiment run at “0%”
humidity MPAN peak areas reached their maximum or were off-scale and stayed steady or
decreased at a much more gradual rate relative to APAN and one that was similar to PAN. This
could indicate that APAN is much more reactive toward O3, or OH or more susceptible to
thermal decomposition than PAN and MPAN or that APAN decomposition has a different
mechanism than those for PAN and MPAN. Reaction with OH and O3 is known to lead to loss of
PANs in the atmosphere by reacting at the double bond in the alkyl group [Roberts and
Bertman, 1992]. While it is likely that reaction rate of OH at the double bond in MPAN is
increased as a result of the methyl group, it is possible that the lack of the methyl group in
APAN reduces steric hindrance for O3 to react at the site of the double bond causing that
reaction rate to increase. However, this aspect of APAN decomposition was not investigated in
this work.
3.1.5. Can APAN be Produced from Known Oxidation Products of Isoprene?
There are several known peroxyacyl nitrates resulting from the oxidation of isoprene.
These are PAN, MPAN, and HPAN (HOCH2C(O)OONO2). However, HPAN is not a focus of this
research and will not be discussed here. Oxidative cleavage of either C=C double bond of
isoprene will yield stable carbonyl compounds, which have been measured numerous times in
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the laboratory and in the field [Yu et al., 1995; Carter and Atkinson, 1996,; Surratt et al.,2010 ].
Methyl vinyl ketone (MVK) is formed by cleavage of the 1-2 bond and Methacrolein (MACR) is
formed by cleavage of the 3-4 bond (Figure 3-8). While PAN can be produced from both MVK
and MACR, MPAN is produced solely from MACR. The mechanisms leading to these PAN-type
compounds from isoprene oxidation are straightforward (discussed in section 1.2), while
deriving a pathway that produces APAN from isoprene is far more difficult because the nature
of the 3-carbon fragment that needs to be retained in the product does not result from any
standard pathway, as is the case with PAN and MPAN. However, despite not knowing how
APAN is formed, Section 3.1. shows that APAN is produced consistently and reproducibly in the
chamber starting from isoprene and NOx.

Figure 3-8: Unidentified pathway from isoprene oxidation to APAN formation.
Results in Table 3-5 and Figure 3-9 show that, while PAN was produced from MACR and
MVK, and MPAN was produced from MACR, neither MACR or MVK led to an APAN signal that
was above the level of detection of our instruments. This suggests that neither of these
intermediates are precursors to the amount of APAN that was observed in the isoprene
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photooxidation bag reactions performed. Mechanistically, this means that the intermediate
responsible for APAN is formed before formation of either MVK or MACR.
MACR and MVK were combined and used as precursor VOCs together in the same bag
to determine if APAN is formed as a product of the reaction of intermediates resulting from
both MVK and MACR being present at the same time. Again, while PAN and MPAN were
produced, no APAN peak was present in the chromatogram suggesting that neither of these
intermediates, nor their combination, are precursors to the amount of APAN that was observed
in the chamber reactions. Experiments starting from acrolein were also carried out and will be
discussed in Section 3.2. The mechanism for APAN production through acrolein oxidation in the
presence of NOx is described in Section 1.3..
Table 3-5: VOC experiments conducted to produce APAN in the bag without
isoprene as the starting VOC.
MACR +
VOC
MACR
MVK
Acrolein
MVK
Relative Humidity
50
50
5
50
(%)
1821,
ppb of VOC
364
359
450
180.52
61.1
ppb of NOx
61.1
61.1
61.2
Max PAN Absolute
30220.42 20056.00 27627.503
NA
Peak Area
Max APAN Absolute
NA
NA
NA
18910.45
Peak Area
Max MPAN Absolute
40516.78
843.41 30576.213
NA
Peak Area
1
ppb of MACR. 2ppb of MVK. 3Peaks exceeded the linear range for
detection.
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Figure 3-9: Absolute peak areas of PAN, APAN and MPAN produced from
photooxidation of a.) MACR, b.) MVK, and c.) both MACR and MVK.
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3.2. Circumstantial Evidence for the Identity of the APAN-Like Compound
In the previous three Sections it was demonstrated that the unidentified peak is
produced consistently by isoprene photooxidation under various conditions. Some
circumstantial evidence for the structure of the unidentified compound was collected by Shino
Toma in our group and reported in detail in her dissertation “Chemotypic Variation of Biogenic
Volatile Organic Compounds in Midwest Forest and Atmospheric Role of Peroxyacyl Nitrates in
Southeastern U.S” in 2017. Summaries of these results are given below.
A thermal decomposition study of the isoprene oxidation products produced during the
bag experiments was performed early on during this research to support the hypothesis that
the unidentified compound observed in the bag experiments was a PAN-type compound. In this
experiment the isoprene photooxidation products were drawn through a 230 cm stainless steel
coil upstream of the GC-ECD. Runs performed while the coil was at room temperature provided
proof that the known and unknown PANs were present in the chamber. During other runs
when the coil was heated to 100 °C the chromatograms showed that the concentration of the
PAN-type compounds had diminished greatly. The observed thermal decomposition rate of the
unidentified compound produced from the oxidation of isoprene confirmed that it was a PANtype compound.
In the lab, acrolein and NOx in bags are used to produce APAN for use as a reference
standard. An APAN product from an acrolein oxidation in a chamber experiment and a synthetic
APAN standard were analyzed simultaneously by GC-ECD. The retention times were identical,
confirming that the synthetic compound was APAN. Subsequently, an isoprene oxidation bag
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experiment was set up according to conditions similar to those described for the 50% humidity
experiment in Table 2-1 with the exception that HONO generation took place overnight.
Simultaneous GC-ECD analysis of both the isoprene oxidation products and the synthetic APAN
standard was performed. The retention time of the synthetic APAN standard matched that of
the unidentified product produced from isoprene oxidation suggesting that this compound was
APAN.
3.3. Direct Evidence for the Identity of the APAN-Like Compound
3.3.1. Challenges of Obtaining Samples for Analysis
The effort to get direct evidence that the unknown PAN-type compound being produced
from isoprene in the chamber was APAN hinged upon obtaining a mass spectrum of the
compound generated from isoprene oxidation inside of the bag. Obtaining a spectrum involved
condensing the gaseous products and byproducts of the isoprene/NO2 reaction onto a capillary
trap that could be used to introduce the sample into the instrument. There were several
challenges associated with this. The main challenges were 1.) the concentration of CO2 present
in the bag, 2.) the water that was introduced to generate HONO, 3.) the low concentration of
the products, and 4.) the thermal instability of the PAN products.
3.3.2. Headspace Injection, Standard Synthesis, and Trapping
Isoprene, MVK, MACR, PAN and APAN were injected into the GC-MS individually and as
mixtures to find their retention times. Both liquid standard headspace, as well as gaseous
standard injections were made (source and lot in Section 2.2). The results of these injections
are summarized in Appendix Table 1-2.
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Liquid synthesis of PAN as a dilute solution in dodecane (Section 2.3.1.) was used to
create a gas-phase standard for use in retention time determination and also to optimize the
method for trapping and obtaining a mass spectrum from a gas sample in air. The synthesis had
to be carried out several times and each time the presence of PAN was confirmed by GC-ECD
prior to attempts to trap it from the gas phase. A representative chromatogram resulting from
introducing a gas sample derived from the liquid PAN synthesis is shown in Figure 3-10. The
retention time matches exactly with the retention time of PAN generated from isoprene
oxidation in the chamber.

PAN

Figure 3-10: GC-ECD chromatogram of a PAN standard degassed from a dilute
solution in dodecane.
At least 27 attempts were made to trap the PAN standard by degassing it from the
dodecane solution using N2 (g) flowing through a 10 SCCM mass flow controller. The type of
condensing bath and amount of trapping time can be seen in Appendix Table 1-3. Most of these
attempts were unsuccessful and many things were learned.
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GC-MS injections of the trapped gases performed early on during the research showed
large N2 and H2O peaks which spanned several minutes and obscured anything else that may
have been present. This lead to increasing the mass selector’s minimum range to m/z = 29 so
that N2 and H2O would be excluded from the chromatogram. The majority of injections showed
O2, and CO2 were present, sometimes as large peaks and other times in the noise. Acetone and
a number of hydrocarbons such as hexanes, dodecane, tridecane, and pentadecane were
observed as well. After ceasing to use acetone and hexanes for cleaning the trap and switching
to a piece of column that didn’t have a stationary phase, acetone and hexanes were no longer
observed. To prevent O2 from eluting at the same time as one of the PAN type compounds and
obscuring its peak, the trap was spliced into the GCMS column (Figure 2-19) and left there after
the run was begun until the O2 peak was observed to have come off the column. Additionally,
the ends of each of the two press-tights used to splice the trap into the column were attached
to the GC column using a polyimide resin (Restek #20445, Lot#1003711) thus minimizing the
amount of gases leaking into the column. One of the biggest challenges was working with the
presstight connectors that spliced the trap into the GC flow. In many cases the trap popped out
of presstight or broke at the presstight nullifying the GCMS run. It was found that it was
necessary to verify the trap/presstight seal by paying close attention to the pressure monitor
on the GC. It was also necessary to ensure that the trap was not hanging freely in the oven but
was secured in place. Movement of the trap was capable of dislodging it from the presstight
and ruining the run. These challenges eventually led to conditions that allowed for a mass
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spectrum of PAN that was consistent with reported mass spectral data to be obtained (Figure 311) [Bertman and Roberts, 1991].

Figure 3-11: GC Mass Spectrum of synthetically produced PAN with fragment
identification.
The liquid synthesis of APAN as a dilute solution in tridecane (Section 2.3.2.) was carried
out so that the method of trapping the PAN standard could be applied to this second
compound in order to obtain a mass spectrum of synthetic APAN to compare to the compound
produced from isoprene oxidation. Three attempts at trapping APAN for different amounts of
time were made and a mass spectrum that was believed to be APAN was obtained.
The only previous report of a mass spectrum of APAN was from gas chromatography
negative ion chemical ionization mass spectrometry (GC/NICI MS) [Tanimoto and Akimoto,
2001]. Since our GC-MS uses electron ionization (EI) our APAN sample could not be expected to
have the same fragmentation pattern that was reported in the literature. However, EI mass
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spectra for both PAN and MPAN have been reported [Bertman and Roberts, 1991]. Under EI,
PAN and MPAN spectra do not show a molecular ion peak and when fragmentation occurs each
of their base peaks represent the carbonyl portion of the compound left over from the loss of
the peroxy nitrate groups, which can then further fragment. It makes sense that the carbonyl
fragment is present since the carbocation produced during fragmentation can be stabilized
through resonance because of the oxygen present in the carbonyl [Silverstein, Webster, and
Kiemle, 2005]. Peaks at m/z = 46 and m/z = 30 are indicative of the nitro group intrinsic to PANs
[Silverstein, Webster, and Kiemle, 2005]. Due to the structural similarity of APAN to PAN and
MPAN it is reasonable to expect a similar fragmentation pattern.
Approximately 0.6 minutes into the GC-MS run of the degassed APAN standard a
relatively large, discernable peak appeared in the chromatogram. Peaks characteristic of the
nitro group in PAN and PAN-type compounds at m/z = 46 and m/z = 30 were present as well as
a base peak at m/z = 55 believed to be representative of the carbonyl fragment (CH2CHC(O)+)
formed due to loss of the peroxy nitrate group from APAN. An acyl fragment, in conjunction
with the nitro fragments, is characteristic of PAN-type compounds and this acyl fragment had
the expected mass for the predicted APAN fragment. The spectrum contained these three ions
in high abundance and suggested that this peak was APAN (Figure 3-12).
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Figure 3-12: GC Mass Spectrum of synthetically produced APAN with fragment
identification.
3.3.3. Gaseous APAN Standard Production
Acrolein oxidation by OH in the presence of NOx will produce APAN via hydrogen
abstraction, so acrolein was used as the starting VOC in a bag experiment to produce a gas
reaction standard to verify APAN retention time and to develop a trapping method so that a
mass spectrum of the pure compound could be obtained under chamber experiment
conditions. Figure 3-13 and Table 3-5 both show that APAN was the only PAN-type compound
produced from acrolein and that it was produced in comparable amounts at the “5%” and
“25%” humidity levels (Figure 3-6). This was an ideal experiment to use for trapping method
development.
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Figure 3-13: Absolute peak areas of PAN, APAN and MPAN produced from
photooxidation of acrolein.
3.3.4. Trapping an Authentic Sample from a Bag Experiment
The trapping method used to produce a mass spectrum of APAN from the liquid
synthesis standard was applied to a chamber acrolein bag experiment carried out in the same
manner as described in Table 2-2. Trapping was performed several times under different
condensing bath conditions for different amounts of time, shown in Appendix Table 1-4. A mass
spectrum containing the ions in low abundance that was identical to the one produced from
the liquid solution of APAN (Figure 3-12) was obtained confirming the presence of APAN in
tridecane from the synthesis of the standard. However, as a result of using N2 (l) as the cryogen,
CO2 was trapped as well as APAN and the spectrum of APAN had to be obtained using ion
extraction since the ions were buried in a large CO2 peak. In a subsequent acrolein bag trapping
experiment a dry ice/acetone bath was used in place of N2 (l) in an attempt to decrease the
amount of CO2 trapped with APAN. Three hours of trapping produced a very small but
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discernable peak at approximately 65.4 minutes that was found to have the same ions in a
similar relative abundance as the APAN standard previously trapped using N2 (l) (Figure 3-14).
The low abundance of this peak suggested that a higher concentration of APAN in the trap
would provide a much better chance for obtaining a mass spectrum of APAN from an isoprene
oxidation experiment. Because of this, three aspects of the experimental system were tested.
These were 1.) whether the trapping system was condensing all of the material that was
passing through it (Section 3.3.5.), 2.) what effect temperature in the chamber had on APAN
decomposition (Section 3.3.6.), and 3.) how higher concentrations of the reagents in the bag
would influence trapping (Section 3.3.7.).

Figure 3-14: GC Mass Spectrum of acrolein oxidation produced APAN with fragment
identification.
3.3.5. Are the PAN-type Compounds Condensed in the Trap?
Several attempts at trapping PAN, APAN, and MPAN from NOx oxidation of isoprene
were attempted with trapping conditions described in Appendix Table 1-5. Because initial
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attempts to trap material were unsuccessful, the system was tested to see if PAN-type
compounds were being decomposed in the trap. During a trapping experiment, the trap and
bag were sampled at different times to see if there was any change in the amount of PAN-type
compounds that could be observed with the GC-ECD. The setup for the subset of experiments is
shown in Figure 3-15 and the absolute peak areas of PAN, APAN, and MPAN from each of the
samples taken are plotted in a bar graph in Figure 3-16.

Figure 3-15: Diagram for the experiments performed for testing whether the
isoprene oxidation products were being trapped in the trap or making it through.
Sample 1 (Figure 3-16) was taken directly from the bag at Point ‘A’ in Figure 3-15 and
shows that PAN, APAN, and MPAN were all produced during the experiment. The
chromatogram from this run is shown in Figure 3-17. Sample 2 was taken at Point ‘B’ while the
trap was not in the condensing bath showing that the compounds were not degrading or
reacting in large amounts on the surface of the trap or the components leading to or from it.
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Sample 3 was taken identical to Sample 1 at Point ‘A’ and shows that high levels of PANs were
still in the bag at similar relative amounts.

Figure 3-16: Absolute peak areas of PAN, APAN, and MPAN while trapping. Samples
1, 3, and 5 were taken directly from the bag. Sample 2 was taken after the trap at
room temperature and Sample 4 was taken after the trap while the trap was in the
condensing bath. *Peak was off-scale.
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Figure 3-17: GC-ECD chromatogram of Sample 1 taken directly from the bag
showing the presence of PAN, APAN, and MPAN.
After the trap was placed in the condensing bath, Sample 4 was taken at Point ‘B’. Small
peaks (areas <3100) for all three of the compounds were observed in the chromatogram
suggested that the bath was cold enough to condense PAN-type compounds inside the trap and
that they were trapped with equal efficiency. However, the reduction in peak area could be
explained either by a rapid decrease in analyte concentration in the bag or by the condensation
of the analytes inside of the trap.
Sample 5 was taken from the bag at Point ‘A’ and shows that all three analytes were still
present at relatively high concentrations which confirmed that the condensing bath was cold
enough to trap all three of the PAN-type compounds. This suggested that the reason peaks
were observed when Sample 4 was taken was likely because the flow rate from the bag through
the trap was too high for all of the molecules to condense in the trap. Samples 1-5 were taken
at 1, 1.5, 2, 2.5, and 3 hours after the lights were turned on in the chamber, respectively.
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Trapping totaled approximately 3 hours, however, none of the PAN-type compounds were
observed in the subsequent GC-MS run.
3.3.6. Maximizing the APAN Concentration for Trapping
Obtaining a mass spectrum of APAN from an isoprene chamber experiment requires
having as high a concentration of APAN as possible in the bag for as long as possible. APAN
reaches its maximum peak area about 3 hours after the lights are turned on in the chamber.
The temperature in the box increases to between approximately 27 °C and 29 °C within a few
hours due to the lights and the lack of air flow in the chamber. It is possible that the lights in the
box played a role in the loss of APAN peak area from the bags over time.
An experiment was performed where the lights in the chamber were turned off as APAN
reached its maximum absolute peak area and GC-ECD analysis was continued in order to
compare product loss as a result of temperature and/or further radical chemistry taking place
in the bag. The APAN absolute peak areas from this experiment were then normalized to APAN
absolute peak areas from the experiment run at “5%” humidity shown in Figure 3-6, during
which the lights in the chamber were left on, and were plotted in Figure 3-18 beginning at the
third hour of APAN formation.
These data show that between hour 5 and 6 of GC-ECD monitoring the rate of APAN
product loss while the lights were left on in the chamber surpassed that of APAN product loss
when they were turned off and continued to do so for the remainder of the experiments. This
suggests that light, temperature or their combination play a role in APAN loss in the bag, and
demonstrated that the concentration of APAN in the bag would decrease at a slower rate when
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the lights were turned off inside the box. However, the mechanistic implications of this
experiment were not investigated in this work.
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Figure 3-18: APAN decomposition when the lights in the box were turned off after
3 hours relative to when they were left on. Ratios at hours 3 and 4 are higher than
they should be by an unknown amount because the peaks for the experiment
where the lights were left on were off -scale at those times.
3.3.7. Isoprene Bag Oxidation Trapping Experiments
Two separate experiments were performed, during which two isoprene oxidation bag
experiments were run sequentially at “5%” humidity. The concentration of isoprene and NOx
inside of the bag was doubled for the first experiment and quadrupled for the second. Trapping
took place for 9 and 12 hours, respectively. Trapping conditions are described in Appendix
Table 1-5. In each case no peaks representative of PAN, APAN or MPAN were present in the
chromatogram. However, Ion extraction did show that each of the ions expected for PAN,
APAN, and MPAN were present throughout the chromatogram suggesting that the GC-MS
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column had been overloaded and that trapping for less time from a bag using high
concentrations of starting materials should be investigated.
A single bag experiment with an isoprene concentration of 1197 ppb and a NOx
concentration of 277 ppb (quadruple) the concentration of isoprene and NO x was performed
under “5%” humidity and the same conditions described in Table 2-1. Trapping for 30 minutes
(Appendix Table 1-5) followed by GC-MS analysis yielded a number of clear peaks with
retention times of 9.8, 12.8, and 21 minutes that were found to be PAN, APAN, and MPAN,
respectively (Figure 3-19). The Mass spectra of PAN and MPAN match those reported in the
literature [Bertman et al., 1991] and the mass spectrum of APAN is identical to the mass spectra
obtained from the synthetic and gaseous APAN standards, confirming that APAN is a product of
isoprene oxidation. The mass spectra of these compounds are shown in Figures 3-20, 3-21, and
3-22, respectively. Unlabeled fragments in the spectra of PAN, APAN, and MPAN were found in
varying amounts throughout the run and believed to be the result of background.
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Figure 3-19: GC Chromatogram resulting from a 30 minute trapping experiment
showing peaks for PAN, APAN, and MPAN.

Figure 3-20: GC Mass Spectrum of PAN resulting from the 30 minute trapping
experiment with fragment identification.
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Figure 3-21: GC Mass Spectrum of APAN resulting from the 30 minute trapping
experiment with fragment identification.

Figure 3-22: GC Mass Spectrum of MPAN resulting from the 30 minute trapping
experiment with fragment identification.
The evidence presented strongly supports the hypothesis that the unidentified peak
produced from isoprene oxidation in the presence of NOx is APAN. Circumstantial evidence
discussed in Section 3.2. demonstrates that the thermal decomposition of this compound is
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consistent with that of PAN-type compounds. It also showed that this peak has a GC-ECD
retention time matching those of a synthetically produced APAN standard and the acrolein
oxidation APAN product. An EI GC-MS spectrum of a synthetic APAN standard (Figure 3-12)
contained a fragmentation pattern with peaks at m/z = 30 and m/z = 46 characteristic of other
PAN-type compounds. In addition it contained a base peak at m/z = 55 that matches the mass
of the carbonyl portion of the compound (CH2CHC(O)+) left over from the loss of the peroxy
nitrate group and no molecular ion peak. These types of fragmentation are typical of PAN-type
compounds and are demonstrated for PAN in Figure 3-11 and MPAN in the literature [Bertman
et al., 1991]. Considering the similarities in structure of these three compounds, it is reasonable
to expect that they would have similar fragmentation patterns.
A mass spectrum for APAN (Figure 3-14) matching the synthetically produced standard
was also obtained through trapping from the acrolein oxidation chamber experiment known to
produce APAN. Finally, trapping from an isoprene oxidation chamber experiment yielded mass
spectra for PAN (Figure 3-20) and MPAN (Figure 3-22), which are known products of isoprene
oxidation in the presence of NOx, as well as a mass spectrum Figure 3-21 identical to those of
the APAN standards mentioned above. All of the evidence supports the conclusion that the
previously unidentified peak produced from isoprene oxidation is APAN.
3.4. Summary
An unidentified compound believed to be APAN was consistently produced in over 67
isoprene/NOx oxidation chamber experiments. GC-ECD analysis of this compound provided a
retention time between PAN and MPAN, two compounds in the Peroxycarboxylic nitric
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anhydride family known to be produced through isoprene oxidation in the presence of NO x. All
three of these compounds were produced with their relative amounts being generally
consistent relative to each other. Six humidity levels were tested ranging from ~“0%” –“100%”
and it was found that lower humidity levels lead to higher concentration levels of APAN, with
“5%” humidity producing the greatest amount of APAN.
Once the lights in the chamber were turned on APAN production reached its maximum
absolute peak area by the third hour of production and then decreased much more rapidly than
either PAN or MPAN. Experiments showed that known isoprene oxidation products MACR or
MVK were not precursors to APAN.
Thermal decomposition of the APAN compound was consistent with that reported for
PAN-type compounds. GC-ECD analysis of a synthetic APAN standard provided a retention time
that matched those of the gaseous APAN product produced from an acrolein oxidation
experiment as well as the peak believed to be APAN produced from isoprene oxidation.
Trapping a gaseous sample from a chamber experiment to obtain a mass spectrum of
APAN involved condensing the gaseous products and byproducts of the chamber oxidation
reaction onto a capillary trap that could be used to introduce the sample into the instrument. A
capillary with no stationary phase placed in a dry ice/acetone bath was found to be ideal for
this and high concentrations of the reagents were used to produce enough APAN in the
chamber to be observed with the GC-MS.
Identical mass spectra were obtained from the synthetic APAN standard, the gaseous
APAN standard, and the isoprene/NOx oxidatively produced APAN verifying the identity of the
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previously unknown compound and suggesting another mechanism for APAN production not
previously believed to take place. Its lack of production from MACR and MVK suggest that other
oxidative pathways leading from isoprene to PAN-type compounds are at play and should be
the focus of further research.
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Appendix
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Figure 1-1: NMR spectrum of isoprene used in the photooxidation chamber
experiments.
One of the products of MVK, (one of the major oxidation products of isoprene)
oxidation

is

glycolaldehyde.

Further

oxidation

of

glycolaldehyde

produces

HPAN

(peroxyhydroxyacetyl nitrate, HOCH2C(O)OONO2). This compound was observed in two
isoprene oxidation experiments and the retention time is listed in appendix table 1-1.
Additionally, another unknown compound, labelled Mystery_13, occasionally eluted from the
column. Mystery_13 was observed when MVK was used as a starting material, and was
infrequently observed when isoprene was the starting material, but was not systematically
investigated in this research project.
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Table 1-1: Average GC-ECD R.T. of the HPAN and Mystery_13 produced from
Isoprene oxidation.
Average
Analyte
Retention
Time
HPAN
9.8
Mystery_13
15.29
Table 1-2: Headspace injections of VOCs for retention time determination.
Injection Volume
VOC
R.T. (min)
(L)
MACR1
100
1.9
1, 2
PAN
100
3.5
1
PAN
90
NA
1, 2
PAN
10,000
NA
1,2
PAN
250
NA
1,2
PAN
100
NA
3, 4
PAN
100
7.16
4
Isoprene
100
1.33
Acrolein4
100
2.02
4
MVK
150
6.468
MVK/MACR/Isoprene
6.54, 5.28,
150
4
3.99
4
MACR
150
5.379
1
Column was a Restek Biodiesel column. 2Headspace from
a PAN standard synthesized on 5/28/15. 2PAN was injected
from a diffusion cell. 3Headspace from a PAN standard
synthesized on 5/7/17. 4Column was a DB-210.
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Table 1-3: Trapping conditions and results from degassing the synthetic PAN
standard into the trap.
Number of Trapping
Trapping Length
Bath Type
PAN Trapped
Attempts
(min)
1
1
NA
N
NA2
11

N2 (l)

N

3

13

N2 (l)

Y

7

1

3

N2 (l)

N

1

1

3

N2 (l)

Y

0.5

1

3

N2 (l)

Y

2

1

3

N2 (l)

N

7

13

N2 (l)

N

30

NA

Y

NA2

13

N2 (l)

N

63

13

N2 (l)

Y

10

NA

N

NA2

13

N2 (l)

N

10

3

1
13

N2 (l)
N2 (l)

N
N

21
60

13

N2 (l)

N

5

1

3

N2 (l)

N

2

1

3

N2 (l)

N

0.5

1

3

N2 (l)

N

2

13

N2 (l)

N

5.5

1

3

N2 (l)

N

11

1

4

N2 (l)

N

6

1

4

N2 (l)

N

9

1

4

N2 (l)

N

64

1

3

N2 (l)

N

2.5

1

3

1

1

3

3

N2 (l)
Y
12
CO2/aceton
13
Y
12
e
1
Direct injection to the MS. 2100 L headspace injection. 3Column was a
Restek Biodiesel column.4Column was a DB-5 column
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Table 1-4: Trapping conditions and results from NOx oxidation of acrolein bag
reactions.
Number of
APAN
Trapping Length
Trapping
Bath Type
Trapped
(min)
Attempts
11
Ice/H2O
N
10
11

N2 (l)

N

10

N

12

N

38

11

CO2/acetone
Ice/H2O
CO2/acetone
N2 (l)

N

69

11

N2 (l)

Y2

30

1

1

CO2/acetone

N

60

1

1

CO2/acetone

Y

180

1

1

11

1

3

1
CO2/acetone
Y
12
2
Column was a Restek Biodiesel column. Was buried in a CO2 peak.
3
Was buried in a large O2 peak.
1
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Table 1-5: Trapping conditions and results from NOx oxidation of isoprene bag
reactions.
Number of
APAN
Trapping Length
Trapping
Bath Type
Trapped
(min)
Attempts
31
N2 (l)
N
10
11

N2 (l)

N

40

1

1

CO2/acetone

N

20

1

1

CO2/acetone

N

43

1

1

CO2/acetone

N

180

1

2

CO2/acetone

N

155

13

CO2/acetone

N

180

3

CO2/acetone

N

180

3,4

CO2/acetone

N

9 hrs

13,5

1
1

CO2/acetone

N

12.8 hrs

1

6

CO2/acetone

N

18

1

6

CO2/acetone

N

20

6

1
CO2/acetone
Y
30
2
Column was a Restek Biodiesel column. Column had been
previously used and may not have been a DB-210 as it was labeled.
3
Column was an HP-5 column. 4Trapped from 2 bags with double
the isoprene concentration. 5Trapped from 2 bags with quadruple
the isoprene/NOx concentration. 6Column was brand new DB-210.
1
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